Abstract -A series of bis-triazinylphenanthroline ligands (BTPhens) was synthesized by modifying the triazine substituents. It was found that varying these substituents altered the solubilities of the ligands in a number of non-polar solvents. Thus C5-BTPhen showed significantly higher solubility in octanol than C1-BTPhen. The high solubility of C5-BTPhen and its complexes was exploited to facilitate the NMR titration experiments. These experiments shown that the dominant species in solution were the 1:2 complexes [Ln(III)(BTPhen) 2 ], even at high Ln concentrations, and that the relative stability of the 2:1 to 1:1 BTPhen-Ln complexes varied with different lanthanides. C5-BTPhen therefore shows considerable promise for a once-through selective actinide separation process.
INTRODUCTION
Heterocyclic molecules are likely to be the principal molecules in some future separation processes in the nuclear fuel cycle. Currently, the separation of minor actinides(III) from lanthanides(III) is still receiving much attention. This separation of actinides(III) from lanthanides(III) is particularly difficult owing to the chemical similarities between the two groups of elements. 1 However, it is thought that the greater availability of the valence orbitals in the actinides means that there is a more covalent contribution to metal-ligand bonding than with the lanthanides. 2 It has been shown that 1,2,4 tridentate N-donor ligands can exploit this small but significant difference between the actinides and lanthanides. 2 However, in addition to forming complexes selectively with actinides(III) rather than lanthanides(III), the ligands must have a sufficiently high solubility in the non-polar organic diluents that are used in the nuclear industry, Dedicated to Professor Ei-ichi Negishi on the occasion of his 77 th birthday such as TPH (similar to dodecane) and octanol. Typically the reprocessing is carried out in 3M nitric acid under (sometimes intense) irradiation and consequently molecules must show acceptable resistance towards both acidic hydrolysis and radiolysis, and any degradation products that form must not interfere with the extraction. It is also desirable that the ligand be composed of only carbon, hydrogen, oxygen and nitrogen (CHON principle) so that the ligand or its degradation products can be completely incinerated at the end of its useful life, thereby avoiding secondary waste generation. The development of N-heterocyclic ligands which are capable of fulfilling all these criteria has thus been the subject of intense research, which has recently been reviewed. 1, 2 Two classes of 1,2,4-triazines emerging from previous research are the (2,6-bistriazinyl)pyridines (BTP,
1)
3 and the 6,6-bistriazinyl-2,2-bipyridines (BTBP, 2). CyMe4-BTBP is currently the benchmark molecules for the SANEX (Selective Actinide Extraction) process. Experience with BTP and BTBP ligands has shown that it is beneficial to reduce the number of atoms in the ligand to achieve faster kinetics of extraction; whereas long aliphatic groups can provide the required solubility. The CyMe4 group has been found to be resistant to radiolysis, and provides a compromise between acceptable solubility and sufficiently high kinetics. There is a current view that molecules may be used in once-through processes and so resistance to radiolysis becomes less of a key feature in the design of the molecules. We have developed a class of ligands that replace the bipyridine skeleton with a 1,10-bisphenanthroline analogue (BTPhen, e.g. 3). By tethering the pyridine rings in this way, the molecule is held in the cis-conformation, removing the requirement for a conformational rearrangement prior to complexation. 5 In addition, phenanthrolines have larger dipole moments than the 2,2'-bipyridines, 6 and are known to coordinate strongly to water via hydrogen bonding, 7 suggesting that they would interact more favourably with the organic/water interface. These changes have improved the kinetics of extraction compared to the corresponding BTBP while maintaining the high selectivity.
To date, CyMe4-BTPhen 3 is the only reported example of this class of ligand. Herein, we describe the synthesis of a number of examples of the BTPhen class of ligands with a variety of alkyl and aryl substituents on the triazine rings. Such modification can be simply achieved in the final step of the synthesis, allowing the solubilities of the ligands to be fine-tuned and solution phase characterization to be undertaken. A variety of substituents (including branched and cyclic aliphatic groups and aromatic groups) was chosen, in order to increase our understanding of the effect of substituent size on solubility and kinetics of extraction.
RESULTS AND DISCUSSION
The substituted BTPhen ligands were synthesized as shown in Scheme 1. The key intermediate, dihydrazide 8 was prepared from 2,9-dimethyl-1,10-phenanthroline 4 through a modification of our previously reported procedures. As in our previously reported method, dioxime 6 was produced by treatment of dialdehyde 5 with hydroxylamine hydrochloride, however, this intermediate was then The condensation of 8 was undertaken with commercially available and synthesized symmetrical 1,2-diketones. The synthesized diketones were produced by acyloin condensation ation of the appropriate ethyl ester followed by oxidation. The condensation reactions were performed in THF or dioxane, depending on the solubility of the diketone, under reflux in the presence of triethylamine (Et 3 N). The novel 2,9-bis(1,2,4-triazin-3-yl)-1,10-phenanthroline ligands (BTPhens) 9a-g were obtained in moderate to good yields as a yellow-orange solids and their solubilities in various industrially relevant solvents were assessed (see Table 1 ). The choice of diluents used in solvent extraction processes is constrained to those used in the nuclear industry. Solvents commonly include long chain hydrocarbons such as dodecane, alcohols such as octanol and cyclohexanone. 8 The solubilities of the BTPhen ligands, in all solvents tested, increased as chain length was increased. These results bode well for the use of this class of ligands in solvent extractions.
The improved solubilities achieved also allowed solution characterization of the ligands and the complexes formed with metal salts. NMR titrations of the ligands with a number of lanthanides (La, Eu, Lu) salts were performed in deuterated acetonitrile (CD 3 CN). Lanthanum (La) and Lutetium (Lu) were chosen to give the greatest difference in atomic weight. Higher atomic weight lanthanides have been used as analogues for actinides in selective extractions from lower weight lanthanides.
9,10
The results of the Assessment of these ligands partition coefficients and separation factors is currently being undertaken.
Studies are also ongoing into the introduction of hydrophilic chains onto the triazine rings, producing novel water-soluble ligands that would allow reverse extraction or act as masking agents. 
Synthesis of 1,10-Phenanthroline-2,9-dicarbonitrile (7)
To a suspension of 1,10-phenanthroline-2, 
Synthesis of 1,10-Phenanthroline-2,9-dicarbohydrazonamide (8)
To a suspension of 1,10-phenanthroline-2,9-dicarbonitrile 7 (4.17 g, 18.1 mmol) in EtOH (250 mL) was added hydrazine hydrate (150 mL, 64%). The suspension was stirred at room temperature for 6 days.
After concentrating the mixture under reduced pressure, Et 2 O (200 mL) was added and the precipitated solid was filtered and allowed to dry in the air overnight to afford 8 as a brown solid (4.51 g, 85%). 
Synthesis of 2,9-Bis(dimethyl-1,2,4-triazin-3-yl)-1,10-phenanthroline (n-C4-BTPhen, 9b)
To a suspension of 1,10-phenanthroline-2,9-dicarbohydrazonamide 8 (1.00 g, 3.4 mmol) in THF (100 mL) was added decane-5,6-dione (1.33 g, 7.8 mmol, 2.3 eq). Et 3 N (6 mL, 42.6 mmol) was added and the mixture was heated under reflux for 3 days. The solution was allowed to cool to room temperature and -1,2,4-triazin-3-yl)-1,10-phenanthroline (s-C4-BTPhen, 9c) .
To a suspension of 1,10-phenanthroline-2,9-dicarbohydrazonamide 8 (0.56 g, 1.9 mmol) in THF (50 mL)
was added 3,6-dimethyloctane-4,5-dione (1.33 g, 7.8 mmol, 2.3 eq). Et 3 N (1.5 mL, 10.7 mmol) was added and the mixture was heated under reflux for 7 days. The solution was allowed to cool to room temperature and filtered and the remaining solid residue was washed with DCM (25 mL). The filtrate was evaporated and the solid was triturated with Et 2 O (100 mL). The insoluble solid was filtered and washed with Et 2 O (100 mL) and allowed to dry in air to afford the ligand 9c as a brown solid (0.241 g, 23%).
NMR analysis indicated that 9c was obtained as a mixture of diastereoisomers. To a suspension of 1,10-phenanthroline-2,9-dicarbohydrazonamide 8 (0.50 g, 1.7 mmol) in THF (50 mL)
was added dodecane-6,7-dione (0.76 g, 3.8 mmol, 2.2 eq). Et 3 N (3 mL, 21.3 mmol) was added and the mixture was heated under reflux for 3 days. . After allowing the solution to cool to room temperature, the solvent was evaporated and the remaining semi-solid residue was triturated with ice-cold Et 2 O (100 mL).
The insoluble solid was filtered and washed with ice-cold Et 2 O (100 mL) and allowed to dry in air to afford the ligand 9d as a yellow solid (0.27 g, 35%). To a suspension of 1,10-phenanthroline-2,9-dicarbohydrazonamide 8 (0.26 g, 0.9 mmol) in THF (50 mL) was added 1,2-bis(4-bromophenyl)ethane-1,2-dione (0.75 g, 2.1 mmol, 2.3 eq). Et 3 N (1.5 mL, 10.7 mmol) was added and the mixture was heated under reflux for 2 days. The solution was allowed to cool to room temperature and filtered and the remaining solid residue was washed with DCM (25 mL). The filtrate was evaporated and the solid was triturated with Et 2 O (100 mL). The insoluble solid was filtered and washed with MeOH (10 mL) and Et 2 O (100 mL) and allowed to dry in air to afford the ligand 9g as a pale brown solid (0.51 g, 61% 
